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Investigation of neutron density distribution of 208Pb nucleus when the
proton density is constrained to its experimental distribution
A. R. Abdulghany
Physics Department, Faculty of Science, Cairo University, Giza, Egypt
Abstract: In this study, two novel improvements for the theoretical calculation of the neutron distributions are
presented. First, the available experimental proton distributions are used as a constraint rather than inferred from
the calculation. Second, the recently proposed distribution formula, d3pF, is used for the neutron density, which is
more detailed than the usual shapes, for the first time in nuclear structure calculation. A semi-microscopic approach
for binding energy calculation is considered in this study, however, the proposed improvements can be introduced
to any other approach. The ground state binding energy and neutron density distribution of 208Pb nucleus are
calculated by optimizing the binding energy considering three different distribution formulae. The implementation
of the proposed improvements leads to a qualitative and quantitative improvement in the calculation of the binding
energy and neutron density distribution. The calculated binding energy agrees with the experimental value, and
the calculated neutron density shows fluctuations within the nuclear interior, which agrees with the predictions of
self-consistent approaches.
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1 Introduction
Since Rutherford discovered the atomic nucleus [1]
there is sustained interest in research on the proton and
neutron density distributions in finite nuclei. An accu-
rate knowledge of density distributions is crucial for un-
derstanding the fundamental properties of nuclear mat-
ter and the nature of nuclear force. The proton differs
from the neutron in nature and interactions, and this
difference is reflected in the distributions of protons and
neutrons within the nucleus. In general, the distribution
of protons differs from the distribution of neutrons, qual-
itatively and quantitatively, especially in the range of
very heavy and superheavy nuclei, where increasing the
neutrons/protons ratio is necessary to maintain the sta-
bility of the nucleus. The difference between neutron and
proton distributions is always abstracted as the differ-
ence between the neutron and proton distributions root-
mean-square (rms) radii, known as the “neutron skin
thickness”. The neutron skin thickness is fundamental
for some crucial problems in modern nuclear physics and
astrophysics. It has been found that including the neu-
tron skin thickness in the α-decay calculation improves
the calculation of α-daughter potential and the predic-
tion of α-decay half-lives and α preformation probability
[2, 3]. Similar effects have been reported in the calcula-
tion of the α-decay of neutron-deficient nuclei that have
“proton skin” instead of the neutron skin [4]. Not only
is the value of neutron skin thickness important in the
study of decay, but it has also been reported that the
changes in neutron skin thickness from parent to daugh-
ter nuclei consistently correlate with the observed half-
lives [5]. An accurate estimation of neutron and proton
distributions is also crucial in the study of asymmetric
nuclear matter, which is a contact area between nuclear
physics and astrophysics [6–8].
In the 1950’s, Hofstadter pioneered electron scat-
tering experiments [9], which provided, in addition to
subsequent refinements, an accurate description of elec-
tric charge distributions of stable isotopes [10–13], and
short-lived isotopes [14, 15]. The most accurate form
of charge densities is provided as a model independent
distributions in terms of Fourier-Bessel coefficients [10–
12]. Several analytical formulae with a diffused edge
may be used to represent the charge densities involv-
ing fewer parameters than the number of Fourier-Bessel
coefficients. Such forms are commonly used in both nu-
clear reaction and nuclear structure studies. For most
applications, two-parameter Fermi (2pF) distributions
and three-parameter Fermi (3pF) distributions are ac-
ceptable approximations for nuclear charge and matter
distributions [16–18]. The 2pF and 3pF distributions are
given by equations 1 and 2, respectively, where a is the
diffuseness parameter, R is the radius of the nucleus and
w is the central depression parameter. The central den-
sity ρ0 is determined by the normalization to the number
of protons (Z) or neutrons (N).
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ρ(r)=
ρ0
1+e(r−R)/a
. (1)
ρ(r)=
ρ0 [1+w(r
2/R2)]
1+e(r−R)/a
. (2)
Although the 2pF distribution is the most widely
used in the study of nuclear structure, reactions, and
decay, using 3pF distribution improves the calculation
of binding energy [19] and alpha decay half-life time and
preformation probability [20]. Recent studies show that
fitting of the experimental charge distributions to 3pF
distribution does not provide a significant improvement
over the fitting to 2pF [17, 21]. This is because both
functions were unable to describe fluctuation in density
within the nuclear interior that appears in the experi-
mental distributions. The recently proposed double 3pF
distribution (d3pF), which allows for density fluctuation,
fits the experimental charge densities with significant im-
provement in accuracy over other commonly used formu-
lae [21]. The d3pF distribution, given by equation 3, is
composed of two 3pF terms, one with larger radius pa-
rameter, in order to describe the tail of the density, and
the second has smaller radius, to describe density fluc-
tuation at the nucleus interior.
ρ(r)= ρ0
∑
i=1,2
δi [1+wi(r
2/R2i )]
1+e(r−Ri)/ai
, δ1+δ2=1, (3)
where δi’s are the weights of the two 3pF parts. This
function has seven independent parameters since the
density distribution should verify the normalization con-
dition.
Although the charge distributions were measured ac-
curately, the data for neutron distributions are still defi-
cient. The study of neutron distributions have attracted
interest of researchers because of its fundamental im-
portance, it determines the nuclear drip lines and sta-
bility regions [22], gives rise to special structures and
phenomena in some isotopes [23–25], and is germane to
the structure of neutron stars [8, 26, 27]. There have
been many efforts worldwide to develop and implement
experiments to characterize the neutron distributions in
nuclei using different techniques. The neutron distribu-
tions have been probed mostly by hadron scattering [28]
, α-scattering [29], nuclear pion photoproduction [30],
or electroweak electron scattering [31]. Because of com-
plexity of the strong force, the hadronic probes require
model assumptions to deal with it, and there results are
model-dependent. Electroweak probe was introduced
as a model-independent probe of neutron distributions
[32, 33], it mainly characterizes the distribution of weak
charge in nuclei, which is mainly of the neutrons since the
weak charge of the proton is about 7% its value for the
neutron [34]. The experimental efforts in the study of the
neutron distribution are directed extensively to measure
the distribution rms radii [32, 35, 36] and the neutron
skin thickness [32, 37]. The measured neutron distri-
bution rms radius of 208Pb ranges from 5.6 fm to 5.94
fm [38, 39] and neutron skin thickness ranges from 0.09
to 0.49 fm [30, 38, 39]. This uncertainty may originate
from the limitations of the measurements in addition to
statistical and systematic errors. In an attempt to ex-
plore the density distribution, the recent coherent pion-
photoproduction experiment provided the neutron den-
sity of 208Pb by fitting pion-nucleus scattering data to the
2pF distribution with R=6.7±0.03 fm and a=0.55±0.03
fm [30].
As the experimental studies have achieved success in
the characterization of proton density in nuclei, many
theoretical approaches have been developed to provide
information about nuclear structure such as binding en-
ergy, deformations, proton and neutron density distri-
butions and exotic nuclear structures. There are dif-
ferent levels of theoretical calculations, starting from
the pure fundamental ab initio methods, to the pure
phenomenological methods such as liquid drop model.
In between the two extremes of the calculation levels,
there are some approaches with simplified potentials are
proposed to deal the many-particle problem, e.g., self-
consistent mean-field models [40] or shell model. The
most notable alternative to the self-consistent method
is the semi-microscopic methods [41, 42] with strutin-
sky shell-correction [43, 44] in which the energy of a nu-
cleus is considered to be the sum of macroscopic and
microscopic parts. In addition to its simplicity, the semi-
microscopic technique shows vast success in studying the
nuclear structure [19, 20, 45–48] and α-decay [49]. The
semi-microscopic approach used in this study have used
successfully to reproduce data of the latest discovered
superheavy element 294Og and other Og isotopes with
accuracy in line with experimental data [46]. It also pre-
dicts the masses and deformations for heavy and super-
heavy nuclei with accuracy in line with the prevalent
microscopic and semi-microscopic models [19, 47, 48].
2 Theoretical Framework
In this study, the total energy is evaluated in the
framework of the semi-microscopic approach prescribed
in [19, 47]. In such method, the macroscopic part of the
total energy is considered by the energy density func-
tional, with the Skyrme force SkM*, as a function of the
nucleon densities ρi and the kinetic energy densities τi
[50] in the form,
H(r)=
~
2
2m
[τp(r)+τn(r)]+HSk(r)+HCoul(r), (4)
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where HSk(r) is the nuclear energy density and HCoul(r)
is the Coulomb energy density. The macroscopic part of
the total energy (E) is given by the volume integral of
the total energy density.
E=
∫
Hdr.
The microscopic contribution is considered with the
Strutinsky’s shell and pairing correction method. The
shell-correction energy is obtained as the difference be-
tween the sum of occupied energy levels, obtained from
the Woods-Saxon single particle Hamiltonian, and the
corresponding sum obtained by Strutinsky’s smoothing
procedure [43, 51]. The Barden Cooper-Scheffer (BCS)
approach is used to calculate residual pairing correction
energy following the procedure of [52].
In order to consider the finer details of the exper-
imental proton density, we use the model independent
Fourier-Bessel expansion [10–12] given by,
ρ(r)=
{ ∑
v
avj0(vpir/R) ,r≤R
0 ,r >R
(5)
where j0 is the zero order spherical Bessel function, av’s
and R are Fourier-Bessel coefficients deduced from ex-
periments and given in data compilation [11]. The 2pF,
3pF and d3pF distributions, as given by equations 1, 2
and 3, respectively, are used to parameterize the neutron
density distribution in the calculation of total energy.
3 Results and Discussion
In the present study, the binding energy of 208Pb
is calculated assuming that the proton density distribu-
tion is constrained to its experimental distribution. The
neutron density distribution is considered in the form
of parameterized analytical distributions. The semi-
microscopic model based on energy density functional
with the Skyrme force and the Strutinsky’s shell and
pairing correction is used to calculate the total energy
surface of the 208Pb nucleus in a multidimensional space,
E(R1,a1,w1,R2,a2,w2, δ2). The seven variables of the
total energy surface in the procedure used in this study
are based on the d3pF formula. The differential evo-
lution method, proposed by Storn and Price [53], is
used to minimize the total energy in multidimensional
space and then obtain the ground state binding energy
and neutron density distribution parameters. The dif-
ferential evolution method provides an efficient adaptive
scheme for global optimization over continuous spaces
and has been successfully used with the semi-microscopic
approach to study the nuclear structure of 230Th [54] and
288−308Og isotopes [46]. All the degrees of freedom of
the total energy are set to vary but some variables must
be switched off to obtain the different density distribu-
tions. In the case of 2pF density distribution, only first
two parameters are free and the rest of the parameters
are set to zero, i.e. the minimization procedure consider
E(R,a,0,0,0,0,0) total energy surface. In the case of
3pF density distribution, only first three parameters are
free and the rest of the parameters are set to zero, i.e.
the minimization procedure consider E(R,a,w,0,0,0,0)
total energy surface. In the case of d3pF density distri-
bution, all the seven variables are free.
There are currently dozens of parameterizations of
the Skyrme force, and it may affect the inferred binding
energy and/or neutron density distribution. The effect
of Skyrme force has been evaluated in previous nuclear
structure studies and the results indicated that the force
used has a slight influence on the value of the calculated
binding energy, while the inferred nuclear deformation is
not affected [48, 54]. In order to select one Skyrme force
for the conduct of the current study, previous studies
were reviewed and SKM* was selected because its re-
sults match well with experimental values. Terasaki and
Engel [55], for example, found that SKM* works bet-
ter than SLY4 in the prediction of single-particle vibra-
tional states calculated using the self-consistent method
with quasiparticle random-phase approximation. In an-
other study, Ismail et.al.[48] found that the binding en-
ergies calculated by the semi-microscopic approach with
SKM* force show small root mean square deviation from
the experimental values compared to the results of SLy4
and SkP. The second reason for choosing SKM* force in
this study is the presence of two previous studies that
presented the nuclear density of 208Pb using the semi-
microscopic approach with SKM* force but without re-
stricting the proton density distribution [19, 48]. This
gives an opportunity to compare and evaluate the effi-
ciency of the improvements proposed in the current study
without looking at the effect of the Skyrme force consid-
ered in the calculation.
In the case of 2pF distribution, the parameters con-
sidered in minimization are the radius parameter R and
the diffuseness parameter a. The minimum total energy
is obtained at R= 6.85 fm and a= 0.85 fm and has the
value of −1632.28 MeV. In the case of 3pF distribution,
the minimization is performed with respect to R, a, and
w. The minimum total energy is obtained at R=7.1 fm ,
a=0.48 fm and w=−0.27 and has the value of −1635.53
MeV. As a result of increasing the degrees of freedom of
minimization from 2 to 3, the nucleus gains extra bind-
ing energy of 3.25 MeV. The neutron density distribution
of 208Pb is not flat at the vicinity of the nucleus center,
but it is raised. That is why considering central depres-
sion parameter w adds to the binding energy of 208Pb.
For other nuclei which are flat about the center, the ef-
fect of w would be less significant. For light nuclei and
3
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ultra-heavy nuclei, the significance of central depression
parameter would be high as the ground states of those
nuclei are centrally raised and centrally depressed, re-
spectively [19]. In the case of d3pF, the minimum total
energy is −1636.66 MeV and obtained at R1=6.77 fm ,
a1 = 0.56 fm, w1 = −0.02, R2 = 2.12 fm , a2 = 0.47 fm,
w1 = −2.49 and δ2 = −0.047. Increasing the degrees of
freedom of minimization from 3 to 7 adds only 1.09 MeV
to the binding energy of 208Pb, about 1/3 the gain in
binding energy due to increasing the degrees of freedom
from 2 to 3. Although the improvement in binding en-
ergy due to considering 7 parameters is relatively small,
the shape of the density is improved strongly. D3pF
distribution allows not only for central depression, but
also for fluctuations in the nuclear interior. Moreover,
comparison between the results of the three distribu-
tion formulae indicates that considering more parame-
ters would not provide significant enhancement to the
calculated binding energy.
The values of the parameters corresponding to the
minimum binding energy of 208Pb are presented in Ta-
ble 1, in addition to the values of rms radius of neu-
trons distribution, neutron skin thickness and the total
energy. Comparing the calculated total energy values,
corresponding to 2pF, 3pF and d3pF distributions, with
the experimental total energy, we find that the differ-
ence between the calculated energy and the experimental
value decreases with increasing the number of parame-
ters. The smallest difference is obtained in the case of
d3pF of 0.19 MeV. For 2pF and 3pF distributions, the
calculated binding energy is smaller than the experimen-
tal binding energy by 4.15 MeV and 0.9 MeV, respec-
tively. For d3pF, the calculated binding energy is greater
than the experimental binding energy by 0.19 MeV. The
experimental results of neutron distribution probing ex-
periments include the values of rms radius, neutron skin
thickness, or an interpolated fit to an analytical formula.
The 2pF distribution parameters extracted from coher-
ent pion photoproduction experiment, shown in Table 1,
may give a good description of the tail of the density but
not the detailed distribution near the center. Comparing
the values of radius parameters of the three distributions
considered in this study with the experimental value, it
can be observed that the d3pF distribution gives the clos-
est value to the experimental value, followed by 2pF and
then 3pF. Likewise, the values of diffuseness parameters
for both the d3pF and 2pF distribution agree with the
experimental value, while the 2pF distribution shows less
diffuseness. For this comparison, we consider the R1 and
a1 parameters for the d3pF formula that describe the tail
of the distribution.
Table 1. The values of the minimum total energy and the corresponding density distribution parameters, in
addition to neutron distribution rms radii and neutron skin thickness, for the 2pF, 3pF and d3pF formulae. The
experimental values are mentioned for comparison.
2pF 3pF d3pF Exp.
1 2
R (fm) 6.85 7.10 6.77 2.12 6.70 ± 0.03 [30]
a (fm) 0.52 0.48 0.56 0.47 0.55 ± 0.03 [30]
w -0.27 -0.02 -2.49
δ 1.047 -0.047
rms R (fm) 5.647 5.616 5.623 5.78+0.16
−0.18 [38]
5.653+0.026
−0.029 [39]
Neutron skin thickness 0.144 0.113 0.120 0.15+0.04
−0.06 [30]
(fm) 0.33+0.16
−0.18 [38]
0.211+0.045
−0.063 [39]
Total energy (MeV) -1632.28 -1635.53 -1636.62 -1636.43 [56]
Diference from Exp.
(MeV)
-4.15 -0.9 +0.19
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Fig. 1. The experimental proton density [11] and calculated neutron density distributions of 208Pb. The proton and
neutron density distributions based on the self-consistent HF calculation [57], and 2pF distribution based on pion
photoproduction experiment [30], are also shown for comparison.
The experimental data of rms radius and neutron skin
thickness show relatively large uncertainty. Experimen-
tal data tell that the rms radius of 208Pb is between 5.6
fm and 5.94 fm [38, 39] and the neutron skin thickness
is between 0.09 fm and 0.49 fm [30, 38, 39]. The cal-
culated values of rms radius and neutron skin thickness
from the three resulting distributions are within these
ranges, but generally give lower values than the mean
values of the experimental results. More specifically, the
resulting rms radius and neutron skin thickness consider-
ing 2pF neutron distribution are greater than the corre-
sponding values in the case of d3pF and followed by 3pF.
The experimental values, shown in Table 1, are extracted
from pion photoproduction [30], parity violation exper-
iment conducted at the Jefferson lab (PREX) [38], and
proton elastic scattering [39]. Experiments with electro-
magnetic probes have more clear theoretical basis than
the strongly interacting probes and have the advantages
of probing the full nuclear volume and less disturbing the
ground state of the target nucleus. The experimental re-
sults are arranged in Table 1 in ascending order accord-
ing to the mass of the probing particle. For pion pho-
toproduction experiment the incident particles are the
photons, while in PREX parity violation experiment the
electrons are used. The values of the neutron skin thick-
ness calculated in the current study show compatibility
with the data extracted from the pion photoproduction
experiment, although the calculated values are less than
the mean value, but all fall within the error range of
the experimental result. The neutron skin thickness ex-
tracted from parity-violation and proton elastic scatter-
ing experiments are very large relative to that deduced
by pion photoproduction and also the values calculated
in this study. On the other hand, the values of the rms
radius calculated in this study agree with the available
practical values derived from the parity violation and
proton elastic scattering experiments.
Fig.1 shows a comparison of calculated neutron den-
sities obtained from total energy minimization with
the neutron density obtained from the self-consistent
Hartree-Fock (HF) calculation [57] for the 208Pb nucleus.
The choice of HF density for this comparison is based
on the success of HF calculation to reproduce the ex-
perimental proton density, as shown in Fig.1. More-
over, there is no available model independent experimen-
tal data for neutron density distribution of the 208Pb
nucleus. The 2pF density is flat and almost constant
around the center, while the 3pF density is raised at the
center and decreases continuously and smoothly for the
whole profile. The maximum density for both 2pF and
3pF density distributions is obtained exactly at the cen-
ter of the nucleus. D3pF shows fluctuations around the
center with maximum density at r ≈ 2.3 fm. The three
density distributions have smooth tails with almost the
same values for radii larger than 6 fm. The HF density
has fluctuations around the center and shows maximum
density at r≈ 1.4 fm.
For more precise comparison, differences were calcu-
lated between the calculated neutron densities and the
corresponding HF density. Fig.2 shows the distribution
of the differences for the 2pF, 3pF and d3pF formulae
against the distance from the nuclear center. At the
5
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center, the 2pF distribution shows the smallest absolute
difference, while the 3pF distribution shows the largest
absolute difference. The range of difference, in fm−3, be-
tween the 2pF and HF densities is −0.0063 : 0.0028 and
between the 3pF and HF densities is −0.0036 : 0.0092. In
the case of d3pF, the difference range is almost symmet-
ric about zero and has the smallest length. The distribu-
tion of differences can be better understood by statistical
analysis, because it reflects abstract information from all
data points, not just from characteristic points. Table2
shows some statistical parameters for the differences be-
tween calculated densities and HF densities based on the
data generated for r values up to 12.0 fm in steps of 0.1
fm. The maximum and minimum differences give the
extreme values of difference for each dataset, which can
be clearly seen from Fig.1.
0 2 4 6 8 10 12
-0.008
-0.004
0.000
0.004
0.008
r 
- 
H
F (
r)
(f
m
-3
)
 
r  [fm]
 2pF
 3pF
 d3pF
Fig. 2. The differences between calculated neutron
density distributions and the HF neutron density
distribution. The three bars on the right represent
the difference between the highest and lowest val-
ues of differences corresponding to 2pF, 3pF and
d3pF distributions, respectively from left to right.
However, extreme values cannot indicate the average
difference or total difference between the HF distribu-
tion and any of the distributions. The mean difference
for the 2pF density is −1.20×10−3 fm−3, which indicates
that it predicts lower density than the HF density for the
most of data points. For the 3pF, the mean difference is
7.82×10−3 fm−3, which indicates that it predicts higher
density than the HF density for the most of data points.
The magnitude of mean difference for the 3pF distribu-
tion is more than 6 times larger than for 2pF, which
indicates that the density predicted by the 3pF formula
is, in average, more far from the HF density than the
density predicted by the 2pF formula. The mean differ-
ence for the d3pF density is −2.25×10−4 fm−3, which is
closer to zero than the other two densities. This means
that the d3pF formula predicts a neutron density close to
the HF density, in terms of values and shape, better than
2pF and 3pF. The sum of the differences for each dataset
shows how the data points are distributed on both sides
of the zero difference. The closer the sum of the differ-
ences to zero the more symmetric distribution about the
zero. The values of sum of the differences indicate that
the differences in the case of d3pF distribution are more
symmetric about zero than the other two distributions.
Table 2. The minimum, maximum, mean, sum
and sum of squares of differences between the neu-
tron densities calculated by 2pF, 3pF and d3pF
formulae and the corresponding HF density.
Minimum Maximum Mean sum sum of
squares
2pF -6.27E-3 2.81E-3 - 1.20E-3 -0.14518 8.09E-4
3pF -3.63E-3 9.20E-3 7.82E-4 0.09457 9.77E-4
d3pF -3.54E-3 2.67E-3 -2.25E-4 -0.02726 1.90E-4
The sum of the differences cannot indicate whether
the difference values are, in total, large or small. In order
to estimate the total difference, the amount of dispersion
about the zero difference can be assessed by calculating
the differences sum of squares. The differences sum of
squares reflects the total absolute difference regardless
of the direction. The values of differences sum of squares
for 2pF, 3pF and d3pF are 8.09×10−4, 9.77×10−4 and
1.90× 10−4, respectively. This implies that the d3pF
density shows the lowest dispersion about the HF den-
sity, followed by 2pF and then 3pF. Although the 3pF
formula enhances the calculation of total energy com-
pared to 2pF, the 2pF formula shows a better distribu-
tion for the 208Pb nucleus compared to the HF density.
The d3pF formula outperformed the other two formu-
lae in estimating the total energy and inferring a better
density distribution.
4 Summary and Conclusion
In the present study, the neutron density distribu-
tion of the 208Pb nucleus is investigated assuming that
the proton density distribution is constrained to its ex-
perimental distribution. The total energy surface in a
seven dimensional space is calculated in the framework
of semi-microscopic approach based on the Skyrme in-
teraction and Strutinsky’s shell and pairing corrections.
The neutron density distribution is considered in the
form of 2pF, 3pF and d3pF parameterized distributions.
The ground state binding energy and the neutron den-
sity distribution parameters are obtained from the en-
ergy surface for the three distributions considered in the
study. As the number of degrees of freedom in the density
formula increases, the calculated total energy decreases.
The difference between the total energies calculated con-
sidering 2pF and 3pF formulae is 3.25 MeV, while the
difference between the total energies calculated consid-
ering 3pF and d3pF formulae is 1.09 MeV. Although the
6
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added energy due to considering d3pF formula in rela-
tively small, it is very important because it allows for
central fluctuation.
Comparing the three results with the experimental
total energy, we find that the difference between the cal-
culated energy and the experimental value decreases with
increasing the number of parameters. The smallest dif-
ference is obtained in the case of d3pF of 0.19 MeV. The
calculated values of rms radius agree with the experi-
mental values of the parity-violation and proton scatter-
ing experiments, while the neutron skin thickness val-
ues were smaller than the experimental values. On the
other hand, the inferred d3pF neutron density distribu-
tion agrees with the pion photoproduction experiment
in the neutron skin thickness and the diffused part of
the distribution. Comprehensive comparison of the cal-
culated neutron densities with HF density showed that
replacing 2pF with 3pF does not improve the overall den-
sity distribution predicted for the 208Pb nucleus, how-
ever it improves the calculated total energy. Considering
d3pF density improves both the calculated total energy
and the neutron density distribution.
The main objective of this study is to present the
idea of using reliable experimental findings to guide the
results of theoretical calculations. The same principle
can be applied to other theoretical models from the sim-
plest to the most complex. Applying this principle on
the semi-microscopic approach in the present study fairly
improved the neutron density of 208Pb neucleus and the
ground state total energy. The approach of constraining
to experimental values may yield more promising results
with other models, but this requires extensive studies to
investigate its significance.
References
1 E Rutherford , Philosophical Magazine, volume 21: 669-688
(1911)
2 D. Ni and Z. Ren, Phys. Rev. C, 92(5): 054322 (2015)
3 D. Ni and Z. Ren, Phys. Rev. C, 93(5): 054318 (2016)
4 W. M. Seif and M Abdurrahman, Chin. Phys. C, 42(1): 014106
(2018)
5 W. M. Seif, N. V. Antonenko, G. G. Adamian and H. Anwer,
Phys. Rev. C, 96(5), 054328 (2017)
6 C. J. Horowitz, Ann. Phys. 411: 167992 (2019)
7 H. Chen, D. Wen and N. Zhang, Chin. Phys. C, 43(5): 054108
(2019)
8 Y. J. Chen, Chin. Phys. C, 43(3): 035101 (2019)
9 R. Hofstadter, Rev. Mod. Phys., 28(3): 214-254 (1956)
10 C. W. De Jager, H. De Vries, and C. De Vries, At. Data Nucl.
Data Tables, 14(5-6): 479-508 (1974)
11 H. Vries, C. W. De Jager, and C. De Vries, At. Data Nucl.
Data Tables, 36(3): 495-536 (1987)
12 G.Fricke et al, At. Data Nucl. Data Tables, 60(2): 177-285
(1995)
13 J. D. Patterson, and R. J. Peterson, Nucl. Phys. A, 717(3-4):
235-246 (2003)
14 T. Suda et al., Phys. Rev. Lett. 102: 102501 (2009).
15 T. Suda, and H. Simon, Progress in Particle and Nuclear
Physics 96: 1-31 (2017)
16 L. L. Salcedo, E. Oset, M. J. Vicente-Vacas, and C. Garcia-
Recio, Nucl. Phys. A, 484(3-4): 557-592 (1988)
17 A. B. Jones, and B. A. Brown, Phys. Rev. C, 90(6): 067304
(2014)
18 J. Liu, C. Zhang, Z. Z. Ren, and C. Xu, Chin. Phys. C, 40(3):
034101 (2016)
19 M. Ismail, A. Y. Ellithi, A. Adel, and A. R. Abdulghany, J.
Phys. G: Nucl. Part. Phys., 42(7): 075108 (2015)
20 M. Ismail, A. Y. Ellithi, A. Adel, and A. R. Abdulghany, Nucl.
Phys. A, 947: 64-75 (2016)
21 A. R. Abdulghany, Chin. Phys. C, 42(7): 074101 (2018)
22 J. Erler et al, Nature 486 (7404): 509-512 (2012)
23 I. Tanihata et al, Phys. Rev. Lett. 55: 2676-2679 (1985)
24 F. Wienholtz et al, Nature 498: 346-349 (2013)
25 D. Steppenbeck et al, Nature 502: 207-210 (2013)
26 B. A. Brown, Phys. Rev. Lett. 85: 5296-5299 (2000)
27 J. M. Lattimer and M. Prakash, Science 304: 536-542 (2004)
28 J. Zenihiro, et al, Phys. Rev. C 82: 044611 (2010)
29 A. Krasznahorkay et al, Nucl. Phys. A 731: 224 (2004)
30 C. M. Tarbert, et al, Phys. Rev. Lett. 112: 242502 (2012)
31 S. Abrahamyan et al, Phys. Rev. Lett. 108: 112502 (2012)
32 K. S. Kumar, Ann. Phys. 412: 168012 (2020)
33 X. Roca-Maza et al, Phys. Rev. Lett. 106(25): 252501 (2011)
34 T. W. Donnelly, J. Dubach, and I. Sick, Nucl. Phys. A 503,
589631 (1989)
35 C. J. Batty et al., in Advances in Nuclear Physics, edited by
J.W. Negele and E. Vogt (Plenum Press, New York, 1989), Vol.
19, p. 1.
36 V. E. Starodubsky and N. M. Hintz, Phys. Rev. C 49, 2118
(1994)
37 A. Krasznahorkay et al., Nucl. Phys. A 567, 521 (1994)
38 K. Saenboonruang, JLAB-PHY-13-1731; DOE/OR/23177-
2553 (2013). doi:10.2172/1079207
39 J. Zenihiro et al., Phys. Rev. C 82(4): 044611 (2010).
40 M. Bender, P. H. Heenen, and P. G. Reinhard, Rev. Mod. Phys.
75(1): 121 (2003)
41 M. Brack and P. Quentin, Phys. Lett. B 56: 421 (1975)
42 M. Brack and P. Quentin, Nucl. Phys. A 361: 36 (1981)
43 V.M. Strutinsky, Nuclear Phys. A 122: 1 (1968)
44 S. G. Nilsson et al., Nucl. Phys. A 131: 1 (1969)
45 P.Moller et al, At. Data Nucl. Data Tables,109: 1-204 (2016)
46 W. M. Seif, H. Anwer, and A. R. Abdulghany, Ann. Phys. 401:
149-161 (2019)
47 M. Ismail, A. Y. Ellithi, A. Adel, and H. Anwer, Int. J. Mod.
Phys. E 25(01): 1650004 (2016)
48 M. Ismail, A. Y. Ellithi, M. M. Botros, and A. Adel, Phys. At.
Nucl. 73(10): 1660-1683 (2010)
49 J. Zhang, E. De-Jun, and H. F. Zhang, Chin. Phys. C, 42(9):
094101 (2018)
50 V. Yu Denisov and W. No¨renberg, Eur. Phys. J. A 15(3): 375-
388 (2002)
51 M. Brack, J. Damgaard, H.C. Pauli, V.M. Strutinsky,and A.S.
Wong C.Y. Jensen, Rev. Modern Phys. 44: 320 (1972)
52 F. Garcia et al., Comput. Phys. Commun. 120(1): 57-70 (1999)
53 R. Storn and K. Price, Journal of global optimization 11(4):
341-359 (1997)
54 W. M. Seif and H. Anwer, Nucl. Phys. A 975: 77-96 (2018)
55 J. Terasaki and J. Engel,Phys. Rev. C, 84(1): 014332 (2011)
56 M. Wang, G. Audi, F. G. Kondev, W. J. Huang, S. Naimi, and
X. Xu,Chin. Phys. C, 41(3): 030003 (2017)
57 IAEA-Tecdoc, https://www-nds.iaea.org/RIPL-3/, (2013)
7
